Abstract: We measure the parity of two 9 Be + ion qubits by mapping the relevant operator onto an ancillary 40 Ca + qubit, utilizing multi-species entangling gates. Repeated measurement and feedback cycles allow preparation and stabilization of parity subspaces and Bell states.
Quantum error correction (QEC) will be essential in realizing the full potential of quantum information processing platforms. Fundamental to its experimental realization is the repeated detection of errors occurring across multiple physical qubits constituting a logical qubit, via projective measurements of multi-qubit quantum operators (usually by mapping these operators to an "ancilla" qubit to be measured), as well as corrections using conditional feedback. Performing repeated measurements useful for this purpose requires that 1) the measurement time must be short compared to the relevant decoherence times, 2) the measurement process should not destroy the stored quantum information and 3) the measurement should not impede the ability to perform subsequent measurements. Ancilla measurement and reset fundamentally require dissipative operations that tend to couple qubits to the classical world -in the case of trapped ions typically requiring scattering of order 1000 photons -and preserving the quantum states of data qubits places strong requirements on the suppression of crosstalk during such operations.
We show that a quantum register in a mixed-species ion chain can satisfy these requirements [1] . Two 9 Be + ions, with a field-insensitive hyperfine qubit transition at B=119.45 G (coherence time > 1 s) and ∼ 1.2 GHz level splitting, serve as the data qubits, and are co-trapped in a radiofrequency Paul trap with a single 40 Ca + ancilla. The qubits are addressed by λ = 313 nm beams driving stimulated Raman transitions between the hyperfine Be qubit states and a narrow-linewidth λ = 729 nm beam driving the optical qubit transition in Ca. The very different transition frequencies ensures a high degree of spectral isolation and allows ancilla readout with negligible crosstalk to the data qubits. Three-ion Mølmer-Sørensen (MS) gates [2] driven by these beams simultaneously allow interactions between the ions' quantum states, and are implemented between microwave and optical qubits here for the first time. Fig. 1(b) shows the populations of the 3-ion states measured over time during application of the gate laser fields; at the gate time (about 71 µs in this realization), the subsequent application of a π/2 pulse on all qubits results in a GHZ state, after which a further "analysis" π/2 pulse maps to states with different parities depending on the analysis pulse phase. The contrast in these oscillations ( Fig. 1(c) ) together with the measured GHZ populations indicate a GHZ state fidelity of > 93.8(5)%. This includes the contribution of approximately 1% SPAM error. These gates are combined with single-qubit rotations as shown in Fig. 2(a) to form a 3-ion unitary (denoted U S Z ); when applied to the 3-ion crystal with Ca initialized in its ground state, the Ca qubit state becomes entangled with the parity eigenstates of the operator Z ⊗ Z (with Z denoting the Pauli operator σ Z ), of the Be ions. Additional π/2 pulses applied to the Be qubits before and after this unitary can change the measurement basis to X ⊗ X. The ancilla can be measured without destroying quantum information in the data qubits; the photon scattering involved in this process results in heating of the motion of the ion chain, which is mitigated by sympathetic cooling on the Ca ion prior to the next measurement. Our FPGA-based control system allows in-sequence feedback operations applied conditionally on the results of measurements; correction operations involve switching between parity subspaces of the Be ions, implemented via individual addressing (achieved in our setup by transporting the ions to a position in the beam where one ion sees twice the optical intensity as the other). We note that implementing such operations repeatedly requires accounting for the phases accumulated due to AC Stark shifts from the lasers on the qubits; we adjust the phases of pulses in subsequent measurement blocks to account for those previously applied, including the conditionally applied correction operations. Fig. 2(c) shows the outcomes of a measurement sequence illustrated in Fig. 2(b) . We prepare a Bell state of even or odd parity by applying a MS gate to the two Be ions alone, and perform a sequence of parity measurements in the same basis (either Z or X). The results of the Ca measurements in such sequences are labeled as the "openloop" data, with the expected parity eigenvalue E Z or E Y corresponding to the Ca state. Data from sequences in which the conditional correction operations are applied are labeled as "stabilized"; these started instead from states in which the Be ions were initially prepared in a mixture of both parities (by applying a π/2 pulse to both ions), and mapped to the desired parity eigenstate by the first feedback operation. The markedly reduced decay rates here (∼ 20× lower) indicates the effect of the feedback, with a remaining decay of around 0.3% per measurement attributable to spontaneous photon scattering inducing leakage of the Be qubits out of the qubit subspace.
The same tools used above were extended to stabilize entangled states of the two Be ions; the Bell states are the simultaneous eigenstates of the (commuting) Z ⊗ Z and X ⊗ X operators, and hence by measuring in both bases sequentially we project the data qubits into one of these entangled states. Applications of at most two correction operations then map the data qubit state into any of the four Bell states. We have demonstrated the preparation and stabilization of Bell states by this method over sequences consisting of 50 parity measurement and feedback cycles [1] .
We are pursuing extending these techniques to larger qubit numbers in future work through the incorporation of splitting and recombination of longer ion crystals during experimental sequences. This will require also a reduction in the errors in the basic operations, limited by the multi-qubit gates. This work has demonstrated the readout of two-qubit stabilizer operators on an ancilla qubit of a different species, which allows readout without crosstalk to the data qubits. Together with conditionally applied correction operations, this allowed the stabilization of parity subspaces and entangled quantum states over tens of measurement and feedback rounds. These experiments therefore show the general elements of stabilizer readout and correction required for QEC.
